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yn

number of mesh points
area
nondimensional time, kU,T/CR
physical time
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physical streamwise coordinate nondimensionalized by CRp
physical streamwise coordinate
combination of nonlinear terms in Eq (12a)
physical streamwise coordinate nondimensionalized by Cp
Physical spanwise coordinate
combination of nonlinear terms in Eq (12a)
physical normal coordinate nondimensionalized by CR
physical coordinate
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G,Gn,é

3 ¢ = finite difference operators
A = difference
4 = nondimensional transformed normal coordinate
n = nondimensional transformed spanwise coordinate
A = sweep angle
£ = nondimensional transformed streamwise coordinate
T = nondimensional transformed time coordinate
) = nondimensional pertufation velocity potential function
o = physical velocity potential function
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ADDITIONAL DEVELOPMENT OF THE XTRAN3S
COMPUTER PROGRAM

FINAL REPORT -- CONTRACT NAS1-17864
NASA Langley Research Center
Hampton, Virginia

1. INTRODUCTION

The purpose of this report is to describe additional developments and
enhancements to the XTRAN3S computer program, a code for calculation of
steady and unsteady aerodynamics, and associated aeroelastic solutions, for
three-dimensional wings in the transonic flow regime. The program was
originally developed by the Boeing Military Airplane Company (BMAC),
Seattle, Washington, under Contract F33615-78-C-3201 to the Flight Dynamics
Laboratory of the U.S. Air Force Wright Aeronautical Laboratories, entitled
“Transonic Unsteady Aerodynamics for Aeroelastic Applications". The final
report on that contract was published as AFWAL-TR-80-3107, Vol. I-III.
Recently, these reports were updated under a follow-on contract F33615-84-
C-3221. The revised final reports have been published as AFWAL-TR-85-3124,
Vol. I-III. (Ref. 1-3). These reports provide the basic documentation of
the XTRAN3S computer program. Additional work on the program, which is
also incorporated in the revised final reports, was performed by BMAC under
two NASA contracts, NAS2-10762 to NASA Ames Research Center, "Addition of
Boundary Layer Correction Procedures into Transonic Inviscid Codes"

(Ref. 4) and NASA-17072 to NASA Langley Research Center, "Further
Development of XTRAN3S Computer Program". (Ref. 5)

The present work has been performed under NAS1-17864 to the Unsteady
Aerodynamics Branch of NASA Langley Research Center. Funding has been
provided by the USAF Wright Aeronautical Laboratories. Work performed
under this contract may be summarized by the following list of tasks:



Task 1 — Maintenance and support — The Contractor has provided computer
program changes (updates) for error corrections and updates for version
control operational on the Langley VPS-32 computer. The XTRAN3S computer
program has been installed on the CRAY computer at the Air Force Wright
Aeronautical Laboratory and demonstrated by successfully executing a sample
case. Consultation with LaRC personnel in applying the program changes has
been provided.

Task 2 — Algorithm improvements for the XTRAN3S program have been provided
including an implicit finite difference scheme to enhance the allowable
time step and vectorization for improved computational efficiency.

Task 3 — A study has been made to determine the feasibility of
incorporating configuration effects such as a fuselage, store/pylon, or
winglet into the XTRAN3S code. The code has been modified to treat
configurations with a fuselage, multiple stores/nacelles/pylons, and
winglets.

During the course of the contract, these tasks have been further clarified
and defined or modified as a consequence of discussions between the
Contractor and the Technical Representative.

The following sections of this report describe the technical and program
developments accomplished under the above tasks, and possible future
extensions and improvements. Program developments, corrections, etc. have
been provided separately in the form of correction sets using the UPDATE
program feature of the CDC Cyber series of computers. Appendix A provides
modifications to the XTRAN3S User's Manual (Ref. 2).

A FORTRAN 1isting of the modified code has been provided separately from
this report.



2.

PROGRAM MAINTENANCE AND SUPPORT

This section of the report will describe error corrections and program
maintenance that has been provided during the course of the contract.

2.1

ERROR CORRECTION

During the course of the contract, several minor errors in the XTRAN3S code
were discovered and corrected. The following UPDATE Correction sets
relating to error correction were developed.

Correction Set

a.

c.

EXTLOFT

VISCORR

FIXPROMAT

MISCFIX

Function

Corrects an error in the wing geometry lofting procedure
routine GDWING. The error occurred when the loft was
extrapolated, i.e., spanwise mesh points on the wing were
placed outboard of the last airfoil section definition
(Ref. 2).

Corrects an error in the definition of the wedge parameter F
in the WEDGEX portion of the boundary layer calculation
algorithm. This error was the cause of the surface pressure
oscillations seen in the plots of Ref. 4.

Corrects a data input error for input of an inertia matrix
in the aerocelastic input routine PROMAT.

Corrects a logic error in the geometry definition input
routine PROCGD, and provides for error trapping and output
of a diagnostic warning. Also corrects the pressure and
integrated coefficient routines CPRESS and CFOMO to account
for the modified grid, and a variable dimension error in
ZSWEEP.



e. ENCODE

f.  VECTCORR

g. PARMGED

h. MODEITER

i.  FIXDCHK
j. FIXINFI
k. FIXEOF

1.  LOFTFIX
m.  SOLVCOR

Corrects a labeling error for time history output of
aerodynamic coefficients for use on 8-character word
machines.

Corrects an initialization error in the advanced
vectorization UPDATE (described below).

'Allows for a variable maximum number of points on the

airfoil (previously was set at 50).

Corrects an error to allow for more than one specified modal
deflection or motion.

Corrects an error in the DATA CHECK Problem Definition
Option.

Corrects an error in the Alternate Input File Option so that
it operates as documented.

Corrects an error which occurred in the event of attempting
to read an empty NPRESS or NPREST file.

Corrects an error in the lofting routine GDWING which
occurred when the number of airfoil sections defined was
identical to the number of spanwise grid points on the
planform.

Corrects an error in the vectorized solver routines.



2.2 PROGRAM ENHANCEMENT
Several correction sets were provided which include minor program
improvements and additional features, or improve the diagnostic capability

of the program. These corrections are described as follows:

Correction Set Function

a. BCS17 This correction set has two functions: a) to provide an
alternate input file for the input of aeroelastic data, and
b) to allow a selective degree-of-freedom matrix to be input
for use in aeroelastic solutions with inertia loads when a
non-diagonal inertia matrix is input. The use of these two
additional features is described in Ref. 1-3.

b. CONTROL This correction set provides two additional solution
options (tasks) for XTRAN3S: a) Static analysis of a
flexible wing with specified modal deflection, and b) Static
aeroelastic analysis of a flexible wing with specific modal
deflection. [These options can be used to determine static
response (i.e., pressures and integrated coefficients) when
a specified deflection, such as a control surface is
defined.] The aeroelastic option can be used to account for
main surface, control surface, backup structure, or
actuation system flexibility. Use of these options are
described in Ref. 1-3.

c. INVERR This provides for output of the generalized mass and
stiffness matrices, and the combined aeroelastic matrix and
its inverse, for diagnostic purposes.

d. TASKCORR This updates the internal documentation for the CONTROL
correction set and provides proper branching logic for the
additional tasks.
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INTEQM

NEWBL

SHOCKFIX

VER111

WRTWRNS

DYNFORC

This provides for the integration of the aeroelastic
equations of motion for zero air forces (dynamic pressure
set equal to zero), to provide the user a static or dynamic
check of the aeroelastic model definition, without the
expensive calculation of the aerodynamic pressure
coefficients.

This update remdves the effect of calculation of the swept
shock position in the calculation of the boundary layer. It
has been found (Ref. 6) that this improves the smoothness of
the pressure time histories when the viscous boundary layer
option is employed. In addition, the correction sets allow
for printout of the surface slope modification every 500
steps when the wedge-alone option is employed.

This provides for proper placement of the shock point when
the NEWBL correction is used.

This updates the program banner to the current version,
Version 1.11.

This provides additional error diagnostic outputs from
several routines.

This provides for the input of a sinusoidal dynamic external
forcing function similar to the static external force for
use in aeroelastic solutions.



2.3  AFWAL CRAY INSTALLATION

During installation of XTRAN3S, Version 1.6, at Wright Patterson Air Force
Base, a few subroutines used by XTRAN3S were not found on the system
libraries. The correction sets needed to execute XTRAN3S on the system at
Wright Patterson Air Force Base are described below.

Correction Set Function

a. WPAFB1 Changes subroutine calls to a matrix inversion routine.
Deletes calls to subroutines used to audit program usage at
Boeing.

b. WPAFB2 Includes character manipulation subroutines in the library
of subroutines used by XTRAN3S.



3. ALGORITHM IMPROVEMENT

During the course of various studies with the XTRAN3S computer program, it
has been noted that significant improvement to the computational efficiency
and stability of the method could be achieved by various modifications to
the algorithm and its implementation. This section of the report will
describe and present sample results for two such modifications.

3.1 ADVANCED VECTORIZATION*

The original version of XTRAN3S was developed using the CDC 7600 computer.
During the code development period, advanced vector* machines, such as the
VPS-32 and CRAY-1S and later the CRAY X-MP became available. The code was
adapted to operate on these machines, but only minimal changes to the code
were performed to take advantage of "implicit" vectorization, i.e., those
portions of the code that could easily be adapted to vector computation
through the existing nature of the computational algorithm described in
Ref. 1.

Later studies with a pilot code version of XTRAN3S, operational on the
CRAY-1S, showed that at least a factor of two improvement in computational
efficiency could be achieved by rearrangement of operations to permit a
larger degree of implicit (or automatic) vectorization. (This represents a
speed-up factor of almost five compared to an unvectorized or scalar code
operating on the same machine.) These concepts are generally applicable,
but not directly transportable, to the VPS-32 version of the code, since
VPS-32 requires longer vectors than the CRAY-1S to achieve improved
efficiency when compared with scalar computations. These concepts were
discussed in Ref. 5, but not implemented at that time. The improved
vectorization scheme has now been implemented on the CRAY X-MP in Version
1.11 of XTRAN3S.

*NOTE : The reader is assumed to be familiar with the concepts of
vectorization employed by computers such as the CRAY X-MP and
VPS-32.



In this section, the original algorithm of Ref. 1 will be described with
respect to its implications for vectorization. Then the modifications
necessary to achieve a higher degree of vectorization on the CRAY X-MP will
be discussed, and finally the adaptation of those modifications to the
VPS-32 will be discussed.

As shown in Ref. 1, the computational algorithm for solution of unsteady
transonic flow implemented in XTRAN3S is an alternating-directidn implicit
(ADI) scheme employing approximate factorization to solve the modified
transonic small disturbance potential equation via a finite difference
approximation. The original partial differential equation has been
replaced by a set of algebraic equations for potential at a finite number
of grid points. Starting from a known or given value of the potential 4N
at a given time tN, the solution is advanced to t™! = tN + at via a series
of "predictor-corrector" steps. These steps represent three sets of matrix
equations, with the solution or "sweep" direction corresponding to a
coordinate of the computational mesh. Each equation is solved implicitly
for the value of the potential along the sweep direction. The number of
equations so solved is the product of the number of points in the
computational mesh in the other two coordinates. Thus, if the number of
points in the computational mesh in the g, n and ¢ directions are Ng, Ny,
and N, respectively, the following represents the number of solutions
required to advance the potential solution one step:

g - Sweep: N, x N equations, length N
n - sweep: N. x N equations, length N,
r - sweep: Ne x N, equations, length N,

For the n and ¢ sweeps, the equations are tri-diagonal, i.e., a matrix
formulation has non-zero terms only on the diagonal elements and in
elements adjoining the diagonal. The £ sweep equations are lower quadra-
diagonal due to the use of a mixed difference operator, i.e., backward



differences in regions of supersonic flow and central differences in
regions of subsonic flow, with a combined shock-point operator.

The solution process for each equation set (sweep) involves four distinct
steps: a) formulation of the left-hand side, b) formulation of the right-
hand side, c) solution, and d) setting of field and boundary condition
values of potential based on this solution.

Since formulation of the left- and right-hand sides are essentially
repetitive statements of the finite difference approximations, as are the
boundary conditions, these portions are particularly well adapted to
vectorization.

The solution process, on the other hand, employs a recursive algorithm and
thus cannot be directly vectorized. Several alternate formulations of the
solution process, including vectorizable solution algorithms, were
evaluated, but proved to provide less improvement in efficiency than the
method described below.

In the original version of XTRAN3S, the equations for the g-sweep, are
solved sequentially for each n mesh point, with a constant ¢ mesh point
Tocation. Thus for the default values of Ny = 60, Nn = 20, and N, = 40, 20
equations of length 60 are solved for each g-n plane. Then, for the same
g-n plane, the n-sweep equations (60 equations of length 20) are solved
sequentially in the downstream (increasing g) direction due to the presence
of the backward spatial or "upwind" difference approximation to ¢xt. This
process is then repeated for the next g-n plane in the increasing ¢
direction. The z-sweep is performed by accessing the data, formulating the
equations, and solving for each g-z plane sequentially in the increasing
downstream direction, with the process then repeated for the next plane in
the increasing n direction. Since solutions of the ¢-sweep equations,
o1, are dependent on ¢N, ¢N-1 and the solution of the n-sweep equations
3, but not on the solutions to the t-sweep equations ¢, & need not be
stored in a three-dimensional array.

10



The process of the three sweeps for the original scheme and the access of
the data from the three-dimensional to two-dimensional arrays, are
illustrated in Figure 1.

With the availability of the CRAY X-MP and VPS-32, with features of
vectorization and very large available storage, other data arrangement and
sweeping schemes have been investigated. In addition, a method for
vectorization of the tridiagonal and quadradiagonal solution algorithms has
been employed. This method, suggested by the work of J. Lambiotte of NASA
Langley Research Center, formulates each step of the tridiagonal or
quadradiagonal recursive solution procedure as a vector operation (or
vectorizable DO-loop). Since for the n and ¢ sweeps the equations are
inter-dependent in the ¢ direction, reorganization of solutions is required
for vectorization.

For the CRAY X-MP, the scheme illustrated by Figure 2 has been adopted.
For the g-sweep, data is accessed for each t-¢ plane (rather than each g-n
plane), and a vectorized solution is performed in the ¢ direction, i.e.,
each step in the solution is a vector operation of length 40.

This is then repeated for the next g-z plane, and the intermediate result &
is stored in a three-dimensional array. For the n sweeps, the data is
accessed in the n - ¢ planes, and a vectorized solution of length 40 is
again performed in the ¢ direction, with the results ; stored in a three-
dimensional array. Finally, the -sweeps are performed as a vectorized
solution of length 20 in the n direction, and the advanced values of the
potential ¢M*1 are stored in place of the values ¢" at the previous time
step. It should be noted that four three-dimensional "levels" of storage,
on, oN-1, 3, and 3 are required for this scheme, compared with three for
the original scheme. In addition, however, nine additional three-
dimensional arrays for vector equation coefficients and right-hand sides
have been stored to improve efficiency and decrease the amount of re-
calculation required. For the default mesh, the amount of storage for
three-dimensional arrays has increased from 144,000 to 624,000. The total

11



Etorage requirement has thus increased from about one-half million words to
over one million words. Because of the larger amounts of storage available
on both the CRAY X-MP and VPS-32, compared to the CDC 7600, this has caused
no difficulty.

Since efficiency on the VPS-32 is improved with long vectors, the following
modification to the above scheme could be employed for the g-sweep right-
hand side setup routine XIRHS. For the z-sweep each g-z plane is treated
separately although each of the 800 (=20 x 40) g-sweep equations is
independent. It is possible to reorganize the g-sweep equation setup into
a single vector operation of length 48,000. Significant speedup is
therefore possible as a comparatively large portion (45 percent) of the
computational workload occurs in the g-sweep due to the large number of
operations performed.

A less complex reorganization would provide for vectorization within each
g-n plane, thereby providing vector lengths (for the default mesh) of 1,200
(=60 x 20). This modification has previously been implemented by LaRC
personnel on the VPS-32 version of the program installed at Langley
Research Center.

Additional efficiency can be achieved in the g-sweep left-hand side
(coefficient matrix) setup routine AMAT, and the n and z sweep routines

ETARHS, BMAT, ZRHS, and CMAT by replacing the "Double-DO loop" statements
in these routine with the explicit vectorization instructions required for

the VPS-32. This would provide for vector lengths of 1,200 in the AMAT
routine, and of 800 in ETARHS, BMAT, ZRHS, and CMAT, since these routines
implement the n and ¢ sweep solutions in n-z planes sequentially in a
downstream marching direction. It is also noted for inviscid solutions,
the CMAT routine need be called for only the first complete set of
solutions in the g-direction as the left-hand side coefficients of the
t-sweep equations are not modified by subsequent solutions. This
modification is not currently implemented.

12



The above modifications, with the exception of the explicit vectorization
language required for the VPS-32, have been implemented in XTRAN3S through
use of the UPDATE correction set VECTCRAY presented in Appendix A. This
correction set also provides for the additional storage required (and its
initialization), modifications required to various labeled COMMON blocks,
and an additional subroutine TRISOLZ for the vectorized tri-diagonal
solution of the g-sweep equations.

A second correction set for vectorization VECT2, also given in Appendix A,
modifies the previous correction set to provide for improved computational
efficiency. This is accomplished through initial calculation of various
combinations of quantities that do not depend on previous solutions, and
storage of these quantities for later retrieval and use. Numerous
redundant operations in the original code are therefore eliminated, at the
cost of additional storage.

3.2 IMPLICIT FINITE DIFFERENCE SCHEME

The governing equation for the XTRAN3S computer program is the modified
three-dimensional transonic small disturbance equation for unsteady flow
given as follows:

;;Q + ;;l + ;;g + ;;3 =0 (1)
where

Fo = -Roy -Be, (2)
fl = E¢x + F¢§ + G¢§ (2b)
fy = oy + H¢x¢y (2¢)
f3 =9, (2d)

13



where for the various forms of coefficients (described in Ref. 1):

NLR Coefficients:

A = M2 B = aMiks E = 1-M2;
F=- [3-(2-0M] M35 6= %5 1 = 2
or.

NASA-Ames Coefficients:

A=Mk2 =M K E = 1M
2 2 2
F=-3(v+1)M_5 G = 3(v-3)M_5 H = -(y-1)M_

¢ is the small disturbance potential defined from the full potential ¢ by

Q(X$YQZ’T) = UmcR [x + ¢ (x,y,z,t)] (3)

where the physical dimensions X, Y, Z, and T have been nondimensionalized
by:
kU_T

_X_o —Y_a —Z_o —
X = cs Y= s zZ = s and t = _EE_

where Cg is the wing reference chord and k is a nondimensional scale factor
on time.

The following general coordinate transformation may be defined for purposes

of re-casting the equations from the physical domain into a more convenient
computational domain:

14



= t(X,¥,2,t)s £ = £(X,¥,2,t)5 n = n(x,y¥,2,t); z = z(x,y,2,t)

Then the governing equation (1) can be written in strong conservation form

as:
a(lfy 42 dFy + 2 LtFy + 2 tFy) =0 (4)
3r J 0 3 g J 1 an J 2 3z J 3
where the Jacobian of the transformation is:
Tt Tx Ty TZ
J - gt EX Ey gz (5)
n n onon
t x y 2z
T T T ¢
t x y z
and
fo Tt 'x Ty Tz fo
fil - B ik By B2 [ T1 (6)
fa Tt Mx My Tz fa
f3 bt x C_y bz f3

In the XTRAN3S program, a stretching-shearing transformation is applied in
the streamwise direction to map a general wing planform in the x-y plane
into a rectangle in the £-n plane. That is:

E=E(X,Y)sn=ysc=231t=1%

15



Thus:

1000
J = 0 Exgyo =EX

0010

0001
and
fo = Toi f1 = & * 5yfas T = T
SO

fo = -(Rey + Beyo,)

Fi = g0 + F5§¢§ v G (5y0p ¥ ¢n)2
FZ =g, to +He o (20, +0)
fy = o,

since

by T E0p3 0y T EO.+ 0 5 0, = 4

So the transformed equation can be written in summary form as:

~

3 (fg) + (il f
It g 3 g

X X an

or in expanded form as

3 2 3
+ = (=) +
Ex

16

(7)

(8a)

(8b)

(8c)

(8d)

(9)



) A
at =~ gx¢t - B¢g

2.2

+ & {Es oy * Fey op + G(s o * 6 ) + —X(E 6.+ ¢ ) +He ¢ (£ 6+ ¢ )}
o Ye YeEye

a_ 1 a1l (10)
{ (s + ¢n) + H¢c(5y°s + ¢n)} * o {5x¢‘} 0

The underlined terms in Equation (10) originate with the spanwise
(Y-dependent) or cross (X-Y dependent) terms of the original equation, G¢;
and ¢ + H¢x¢y. The non-underlined terms depend only on original
streamw1se or normal derivatives. In the XTRAN3S algorithm, the original
spanwise term G¢; was split into streamwise and transformed normal
components. These terms were then treated separately with the streamwise
component treated implicitly, and the normal component treated explicitly.
It has been found in this study that computational stability can be
enhanced if the terms are not so split, and the complete term treated in an
implicit fashion. This is particularly necessary for cases with strong
spanwise flow gradients, such as caused by the presence of external stores.
However, for some cases, accuracy may be affected. Therefore use of the
unsplit representation of the G¢; term has been provided as a user option

in this version of XTRAN3S.

If equation (10) is expanded and collected in terms of 1ike coefficients,
the equation becomes:

3 A

~

= %E (a¢ + b¢§ + a¢s + b¢§ + E¢n + d¢n )
a ”~ ~ ~

+ an (e¢£ + fcbE + g¢n) (11)
a ~

+ 2y (hg )

17



where:

A2
S N
a=Eg; a="y/e + (26 +Hgpoe 5 b= Feg
§=(G+H)52-E=5y/g~&=a
y 9 X’
~ _ E . ~ - . ~ - .1_ . ~ - -1_-
e ‘y/EX’ f Hgyo g £ + H¢§’ h 5x

Here a and b are the or1g1na1 (x-direction) streamwise terms of the
governing equation, and a, B etc., contain coefficients based on the
spanwise terms of the equation.

It has been previously noted (Reference 1) that a time-accurate, fully
conservative, fully implicit treatment can only be performed on the terms

b 2) and

3 /; a_ (1
T; (a¢g + bo, (

an E;¢n)

The remaining terms can be differenced in a fully conservative explicit
fashion, or in a partially conservative implicit fashion. In the original
XTRAN3S algorithm, only the cross-term

2. (66?)
9 n

is treated in the latter fashion; the remaining terms are treated
explicitly. :

In the present study, several different combinations of implicit and
explicit difference treatments have been investigated. By examining the
coefficients in Equation 11, it can be seen that certain terms which were
treated explicitly in the original XTRAN3S algorithm can be treated
implicitly without loss of accuracy (i.e., without losing the conservation
form of the equation). It has also been noted by Batina that only the

18



original streamwise terms, represented by the coefficients a and b should
be included in the type-dependent difference scheme (defined in Ref. 1) or
in the definition of the shock point operator. This treatment of these
terms corresponds directly to the original 2-dimensional method of Ballhaus
and Goorjian known as LTRANZ.

The modified finite difference alternating direction implicit (ADI)
algorithm can this be written for the three sweeps (using the unsplit form

of the equations):

i) & - sweep:

- n - n
s D apg bt 6. SN NI S 2g -
el BN n’g ‘g n’‘eg+ g n
Bs, (g ) =D (a8 == +bo. o)+ (a + beg o) (12a)
n n 1 n 1 n n n
+2G (sncp ) Dn (§€¢ ) + 6n (Ex an; ) + 61: (EX6¢¢ ) + GEX + 5nY

ii) n - sweep:

-~
-~ - -

-,y _ Lo (L - L. .n M 52 SN
BSE ( " 3%, (§6n¢ 6x6n¢ ) + G(sn¢ )Dn(5€¢ 80 ) (12b)

jii) ¢ - sweep:

ntl ,.n . .n-1 n+l - n+l n
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X at At X
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where:

n _ n
X' = 5¥/£X¢n

Yn

n2 n
&y / ¢ + H5y¢E H¢§¢n

Here D_ is a type-dependent mixed difference operator based on the sign of
(; ns+2 B¢2), 8¢ is a central difference operator, Dn is a mixed
difference operator, Dn is a mixed difference operator based upon the sign
of 2G (&,6M).

This modification of the XTRAN3S algorithm has been implemented in the
correction set ALGMOD. Tests of this algorithm modification have shown
that a significant improvement in the computational stability of the
algorithm has been achieved. The revised algorithm has been tested both on
the F-5 wing (as shown in Reference 1) and on the A6-E wing shown in Figure
3. For the A6-E wing, a non-dimensional time step of .0l was required with
the original algorithm to achieve a stable converged solution. With the
revised algorithm a computational step of .1 could be used. Figure 4
compares the upper and lower surface pressures calculated on the A6-E wing
for both the original and revised algorithm. The shock position is
displaced slightly upstream (approximately one grid point) for the revised
algorithm. Otherwise the results are essentially equivalent. This
upstream movement of the shock is considered to be due to the difference in
shock-point operator definition in the two versions of the algorithm. That
the "fully conservative" nature of the scheme has been preserved is
demonstrated by the equivalent shock strength.

For the F-5 wing, a factor of 10 improvement in time step was achieved.
With the revised algorithm a fully converged static solution can be
achieved in approximately 100 computational steps, corresponding to
approximately 25 seconds CP time on the CRAY X-MP (with boundary layer
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computation). Equivalent testing has not been performed for unsteady flow
cases, but based on past experience, similar improvements should be

realized.
3.3  WALL BOUNDARY CONDITION

In the current version of XTRAN3S, the reflection plane "inboard wall"
boundary condition, ¢y = 0, was implemented by using a centered finite
difference in the transformed spanwise direction, coupled with a backward
finite difference in the streamwise direction. In order to implement the
centered difference at the reflection plane, a "dummy row" of grid points
located inside the wall equidistant to the first row outboard was used. It
was noted early in the XTRAN3S development that this formulation tended to
be unstable for spanwise grid lines which were swept forward in the
physical plane. This instability was present at the spanwise far field
boundary for aft-swept grid lines and the current version of XTRAN3S
specifies the far-field boundary condition as o, = 0 which removes the
instability. This condition is satisfied identically for grid
modifications which provide for unswept grid lines at the spanwise far
field boundary (Ref. 7 and 8).

In other studies, it has been noted that use of the condition o, = 0 at the
reflection plane removes the instability due to forward-swept grid lines.
It was noted by Batina in Ref. 9 that the proper representation of the grid
for the "dummy" points would locate these points by reflection of the wing
planform in the physical plane, rather than by extrapolation as was done in
the original XTRAN3S code. If the metric coefficient gy were evaluated at
the wall using a finite difference formulation, the condition °y =

€y°g + ¢n = 0 would reduce to ¢n = 0 identically for a grid with reflected
dummy points. In the current version of the code, the metrics are
evaluated analytically from the grid transformation (Ref. 5) and thus gy

must be set to zero explicitly.
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These changes are implemented in the correction set BCWALL. The further
modification developed by Batina of curve-fitting the planform edges to be
unswept at the reflection plane has not been implemented.
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4. GEOMETRIC EXTENSION

This section of the report will describe two modifications for more general
geometric capability that have been incorporated in Version 1.11 of the
XTRAN3S code. Possible future extensions are described in the following
section.

4.1 PYLON-STORE CAPABILITY

In Ref. 9 and 10, two important extensions to the geometric analysis
capability of XTRAN3S have been described. Another important feature that
has been included in the present study is that of an underwing pylon-store
or pylon-nacelle combination, or multiple combinations.

The flutter characteristics of military aircraft with single or multiple
external stores has been the most critical aeroelastic problem for this
aircraft type. Most aircraft carry speed restrictions for at least some
external store configurations. Recent data on the A-6 attack aircraft
(Ref. 11) indicate that aerodynamic interference effects may be extremely
significant in determining the flutter characteristics. In this section of
the report, the impiementation of the pylon capability and two versions of
an external store capability are described, results presented, and
recommendations made. The pylon-store capability has been implemented
through the correction sets PYLSTO, PYLON2, STORES2, STORES3 and PARMPS.

4.1.1 Pylon representation

The presence of an external pylon has been simulated in the XTRAN3S code in
a manner entirely analogous to that of the original wing representation,
i.e. the surface is represented as a discontinuity in the grid, with the
surface boundary conditions satisfied at a location midway between grid
points. Figure 5 shows a schematic representation of the pylon with
respect to an arbitrary set of spanwise grid points. Currently, the pylon
representation is restricted to a vertical plane, but is otherwise
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unrestricted in location, planform, or thickness, camber, or incidence. If
the pylon Tlocal surface slopes for the inboard and outboard sides of the
pylon are represented by fi and fé respectively (including the effects of
thickness, camber, and incidence), then the pylon boundary conditions are
incorporated by substitution of these local slopes for the flow field
spanwise derivatives (including coordinate transformation effects).
Referring to Figure 5:

Outboard Surface:

+

- ! -
fo - &y

¢
"JP-4
Inboard Surface:

) = fr - g6,

nJM_‘_% A AR

Where ¢z and ¢; are the local streamwise derivatives evaluated at the

outboard and inboard sides of the pylon.

The first spatial derivatives at the grid points are then evaluated by an
average of the neighboring i-mesh point derivatives weighted by the grid

spacing:
N1pa1=N Mp -0
- JP+1 "JP JP JP-1
I -n ) e, + (- n -1 ) ¢,
JP JP+1 JP-1 JP+3 JP+1  JP-1 JP-3
N iMa 1" Ny -N
_ JM+1 M JM JM-1
o, = G ) e, + (1-3 et A
M aMl IM-1 M+ Ml M-1 M-}

(If the grid spacing is even, these become simple averages; an equivalent
approximation is used in Ref. 10 for fuselage boundary conditions.)
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After evaluating the derivatives, these expressions are substituted for
local flow field values in both the £ and n sweeps. The z sweep is not
affected.

Figure 6 shows the representation of the pylon planform with respect to the
grid in a £-¢ (vertical) plane. Multiple pylons may be included. The
maximum number of pylons is a variable dimension which may be modified by
updating and recompiling the source code. The dimension is currently set
at two. It may be noted that the pylon representation may also be used to
represent a winglet or other vertical surface. If used to represent a
canted surface, the effect of cant angle may be accounted for in the input
boundary conditions as shown in the schematic of Figure 7.

4,1.2 Store representation - slender body approximation

The effect of external stores on the flow field in the vicinity of a
transonic wing could be approximated in a number of ways. The simplest
would be to consider the store effect to be concentrated along a single
1ine. This is analogous to the familiar slender body approximation of a
line of sources and sinks in linear theory. Because it is deemed most
convenient to define surfaces where boundary conditions are satisfied to be
located between grid points (in order to avoid double-valued definitions of
flow quantities at grid points), the store boundary conditions can be
satisfied on a set of four neighboring points, as shown in the schematic of
Figure 8. The boundary conditions on the store itself may be defined in a
m